Background. Cognitive motor interference has been linked to poor recovery and falls. Little is known about recovery of dual-task balance ability poststroke. Methods. In this experimental study, postural sway was examined while standing on a force plate in preferred stance, with feet together, and with eyes closed, at 6 and 12 months postdischarge from hospital. Sway was assessed in isolation and while participants performed a cognitive (shopping list) task. Results. Seventy-six people with stroke (mean age 67 years; range, 21-91 years) took part. Fifty-four completed both assessments. When compared with the single task, sway during the dual-task condition was significantly lower in both the medial lateral (ML) and anterior posterior (AP) directions (both P < .0001). Sway in both directions was influenced by the difficulty of the balance task (both P < .0001). There was a trend of reduced sway at the 12-month assessment compared with the 6-month assessment: significant only in the ML direction (P = .0056). Repeat fallers swayed more than non-repeat fallers, with increases of 48% and 44% in the ML (P = .0262) and AP (P = .0134) directions, respectively. No significant variation in the dual-task reduction in sway was found: the dual-task effect was remarkably consistent over all the conditions tested, particularly in the AP direction. Conclusions. Sway decreased under dual-task conditions and changed as the difficulty of the balance task changed. Stroke fallers swayed more than nonfallers and there was evidence of a reduction in sway over time, particularly in the ML direction.
L oss of balance and difficulties coping with distractions are frequently cited reasons for falls among people with stroke. 1 It is well known that attentional demands on postural control vary with age, [2] [3] [4] balance ability, 5, 6 availability of sensory information, 7 difficulty of the balance task, [4] [5] [6] [7] [8] [9] presence of pathology, [9] [10] [11] [12] [13] [14] [15] and stage in the rehabilitation process. 11, 15 With the rising awareness of the potential risks of dual-task balance difficulties, the question arises of how amenable these difficulties are to intervention. Before the effectiveness of strokespecific dual-task interventions can be explored, it is important to understand whether dual-task ability is influenced by the balance task difficulty, fall status, and ongoing recovery poststroke. Evidence suggests that people with stroke have greater difficulties performing motor and cognitive tasks simultaneously than age-matched healthy controls, and dual-task impairments have been linked to falls. 1, [14] [15] [16] [17] [18] [19] [20] [21] Several experimental studies have explored dual-task gait performance among people with stroke. [16] [17] [18] [19] [20] [21] There is a general consensus that simultaneous performance of a gait task and a cognitive task leads to dual-task gait decrements such as reduced velocity, reduced stride length, and decreased cognitive recall, particularly among stroke fallers. Disagreements remain with regard to dual-task balance performance. Although dual-task balance performance has been studied extensively among the general population, [22] [23] [24] to date most stroke-specific studies explored balance performance only under single-task conditions. [25] [26] [27] [28] [29] [30] [31] Findings from these studies suggest that people with stroke sway more than age-matched controls. Increased sway was linked to instability and falls, 27, 28 but evidence also suggests that sway decreases with ongoing recovery or with rehabilitation intervention. [28] [29] [30] [31] Four studies have employed a dual-task paradigm during upright stance in people with stroke. 17, [32] [33] [34] One study reported only on the increased attentional demands but did not explore the consequences on balance performance. 32 De Haart et al 33 (n = 37) reported inconsistent findings in the subacute stage of recovery. At the first assessment (mean 10 weeks postonset), sway (particularly in the anterior-posterior direction) was significantly greater during the dual-task condition than in the single-task condition. After 4 weeks of balance training, sway during the dual-task condition decreased by approximately 10%. Although trends toward further reductions in sway were observed at 8 and 12 weeks, these reductions were small. The 2 remaining studies explored postural control among people with chronic stroke under dual-task conditions. 17, 34 Whereas one study 34 (n = 23) reported increased sway under dual-task conditions in the stroke group, the other 17 (n = 36) found that sway was reduced among both the stroke and control groups.
Differing age ranges and small sample sizes as well as the influence of a cognitive task that required articulation may explain the contrasting findings. One of the studies 17 examined differences between fall groups and was unable to distinguish stroke fallers from nonfallers during upright stance: differences only became apparent during the more complex gait dual-task condition. It could be that differences during the upright standing conditions were not apparent because the balance task was not demanding enough, that controls and stroke participants were too similar (mean time since onset was 16 months and all stroke participants were able to walk at least 10 m), or that the sample was too small to detect differences.
In the present study, we have extended previous work on cognitive motor interference by recruiting a larger stroke sample, exploring dual-task balance performance during increasingly difficult balance tasks, and exploring dual-task balance ability at 2 time points (6 and 12 months postdischarge). We addressed the following research questions: (a) does balance performance change under the dual-task condition; (b) is it influenced by the difficulty of the balance task, time since stroke, or fall status; and (c) does the dual-task decrement vary according to the difficulty of the balance task, time since stroke, or fall status?
Method
This study formed part of a larger predictive study of risk of falls among people with stroke for which ethical approval was obtained from the Southampton and South West Hampshire Local Research Ethics Committee. To participate in the main study, consecutively hospitalized patients were eligible for recruitment if they were independently mobile prior to the stroke and able to give consent. Procedures for recruitment, identifying the sample, and assessment have been described previously. 35 To participate in the present study, participants had to be able to stand independently for at least 15 seconds.
Participants completed a battery of tests measuring postural sway during single-task and dual-task conditions in our gait laboratory. The balance and cognitive tasks were performed in isolation in the single-task condition, and then balance and cognitive tasks were performed simultaneously in the dualtask condition. The 3 balance conditions were "preferred stance," which required participants to stand quietly in an upright comfortable position while looking straight ahead; the "feet together" condition, which required participants to stand quietly in an upright position with their feet touching or within 2 or 3 inches of each other while looking straight ahead; and the "eyes closed" condition, which required participants to stand quietly in an upright comfortable position with their eyes closed. The balance tasks were first practiced and then performed in a predetermined order: 3 repeats of each task were performed and the average used in the statistical analysis. Although all participants were able to complete the preferred stance tasks, fewer participants were stable enough to attempt the feet together and eyes closed conditions. Standby supervision was available throughout the testing period. If a participant required external support to prevent instability during testing, the recording was abandoned and repeated after a short rest 
Results
Of the 122 participants recruited to the main study, 35 99 were available for follow-up at 6 months after hospital discharge and 94 were available for 12-month follow-up. Those who were unable to stand independently for 15 seconds were excluded (n = 12 at 6 months; n = 14 at 12 months); hence, 87 and 80 participants were invited to take part in the present study at 6 and 12 months, respectively. Of those invited, 76 people took part in at least 1 of the 2 assessments: 64 attended the 6-month assessment and 66 the 12-month assessment; 54 people took part in both assessments. Table 2 describes study participants. There were more men than women, a wide age range, and a relatively even distribution of participants with period; only completed tasks were included in the analysis. Postural sway was examined using a Kistler force plate (model 9281; Kistler, Basel, Switzerland). Sway data were collected at 100 Hz for 15 seconds, and the mean displacement from the center of pressure over time in the medial lateral (ML) and anterior-posterior (AP) directions was calculated for each task performed. Participants were instructed to place equal importance on the balance and cognitive task rather than favor one over the other in the dual-task condition. Trial order (for single and dual balance and cognitive tasks) was counterbalanced to compensate for practice and fatigue. The cognitive task involved auditory mental skills (remembering a "shopping list" 17 ), drawing on sustained attention to encode and maintain material in short-term memory. The task required committing a 7-item shopping list to memory as it was played over a stereo system, and the number of items correctly recalled was recorded. Articulation was required only after (rather than throughout) the balance task. A different list was used for each trial and was delivered in 15 seconds (to match the duration of the balance trials). Baseline cognitive performance was assessed while sitting. The shopping lists were selected based on a predetermined order to ensure that each list was used an equal number of times and that the level of distraction was equal across balance tasks. These tests were completed on 2 separate occasions: at 6 and at 12 months postdischarge from hospital.
We examined the distribution of sway in the ML and AP directions for each combination of time of assessment, balance condition, and presence/absence of the cognitive task. The distributions were positively skewed (this can be seen in Table 1 where the arithmetic mean ML and AP sway was in all instances greater than the corresponding geometric mean value), and individual ML and AP recordings were transformed using natural logarithms before analysis commenced. Mixed models were fitted to log ML and AP data using SAS PROC MIXED with REML (restricted maximum likelihood) estimation. When parameter estimates from these models are back transformed the effects relate to ratios between geometric means and can be interpreted as percentage changes. Time of assessment, balance condition, and presence/absence of the cognitive task were included as within-subject factors, and history of repeat falling at entry to the main study as a between-subject factor. We investigated a variety of variancecovariance structures for the model incorporating all main effects as fixed terms: for both log ML and log AP sway an unstructured covariance pattern across balance and dual-task conditions for assessment times within participant was chosen along with a random participant effect on the basis of lowest Akaike information criterion. 36 Main effects and their interactions were estimated and tested using the Kenward-Roger method in PROC MIXED. Finally, main effect models were reestimated under compound symmetry and a model including random participant terms and random participant interactions with the other within-subject factors, and the choice of covariance structure was found to make little difference to parameter estimates and significance values. left and right hemisphere lesions. Mobility and balance scores at 6 months suggest that people with moderate impairment levels took part; the majority of study participants were able to walk independently (without an aid) for at least 10 m. On average, participants were able to recall 4 out of 7 items correctly when they performed the cognitive shopping list task: the differences in cognitive task performance according to task, time since stroke for standing position were small and statistically insignificant.
Main effects for time of assessment, balance task, fall status, and dual task (presence/absence of the cognitive task) are shown in Table 3 . When compared with the single-task condition, sway during the dual-task condition was significantly lower in both the ML and AP directions (both P < .01): we observed a reduction by nearly 30% (Table 3 and Figure 1A and B). There were significant differences in sway depending on the difficulty of the balance task ( Figure 1C and D) . When compared with preferred stance, sway increased when feet were kept together, more so in the ML direction (a greater than 4-fold increase) than in the AP direction (a 20% increase). During the eyes closed condition, there was a slight reduction of sway in the ML direction (by 8%), but sway increased in the AP direction (by nearly 50%). Over time (between the 6 and 12 months follow-up assessment) a reduction in sway in the ML direction was noted (P = .0056), with the reduction in the AP direction being smaller and not significant ( Figure 1A-F) . Repeat fallers swayed more in comparison to non-repeat fallers, with increases of 48% and 44% in the ML (P = .0262) and AP (P = .0134) directions, respectively ( Figure 1E and F) .
The size of the dual-task effect can be observed directly from the data by comparing mean ML and AP sways between dual-task and single-task conditions at each level of the other factors in Table 1 . For example, on the first row at 6 months for non-repeat fallers performing the preferred stance balance task, sway in the ML direction under the dual-task condition was 8.2/13.8 = 0.59 that under the single-task condition; on the fourth row for repeat fallers it was 12.5/20.8 = 0.60 that under the single-task condition; whereas on the seventh row for non-repeat fallers at 12 months it was 6.1/9.0 = 0.68 that under the single task condition. These specific reductions in sway compare with that estimated overall from the statistical model of 0.72 (0.64-0.82) presented in Table 3 . In Table 4 it can be seen from interactive effects in the statistical model that although there was some variation in the dual-task reduction in sway depending on the level of difficulty of the balance task, time of assessment, and between repeat and non-repeat fallers, the differences were small in magnitude and did not achieve statistical significance. Overall, the dual-task effect was remarkably consistent across these factors, particularly in the AP direction. Although not of primary interest, the increase in AP sway in the eyes closed compared with the preferred stance condition (1.49 in Table 3 ) was found to be significantly higher among repeat fallers at 1.78 than among non-repeat fallers at 1.33 (P = .0279).
Discussion
In the present study, a reduction in base of support and the removal of visual feedback led to an increase in sway, adding to the existing evidence that sway is influenced by the difficulty of the balance task. [4] [5] [6] [7] [8] [9] 12 Our results also suggest a consistent reduction in sway parameters under dual-task conditions, in contrast to some, 22, 33, 34, 37 but in agreement with other studies where decreased sway was observed among some older adult and clinical groups. 6, 24, 38 Our current findings are also consistent with our previous study, 17 despite the fact that in the present 
Figure 1 Trends in Medial Lateral (ML; mm) and Anterior Posterior (AP; mm) Sway Between 6 and 12 Months for Single Versus Dual Task, Balance Tasks, and Fall Status
study dual-task balance ability was explored during more complex balance tasks. Direct comparison with stroke-specific studies is limited because of the differing aims and methodologies. [16] [17] [18] [19] [20] [21] [32] [33] [34] Other researchers have recruited smaller samples of young but chronic stroke patients, 34 focused on dual-task gait performance, [16] [17] [18] [19] [20] [21] only reported effects on cognitive performance, 32 or used cognitive tasks that required articulation during the motor task. [32] [33] [34] In our study, the observed decrease in sway over time could be interpreted as a sign of balance recovery, in line with other published evidence. 11, 15 To date, only 2 stroke-specific studies have explored dual-task performance at 2 time points during stroke recovery. 19, 33 One reported similar reductions in sway at the 8-week and 12-week follow-up assessments. The other concluded that gait performance improved over time in relation to the single task but was unable to identify a consistent pattern during the dual-task condition. This inconsistency could be attributed to their small sample size (n = 10), the variability in time since onset of stroke, and the inconsistent time points between the first and second assessments.
Although no control group was included in our present study, decreased sway was observed in a previous study (using the same experimental setup), among both the stroke and the control groups. 17 We theorized that both these groups employ similar strategies and that sway reduced as a result of attempting to preserve balance by prioritizing the balance task. 17 An alternative explanation is that dual-task performance may divert resources away from balance (toward cognitive task performance) and that this could slow the rate of postural corrections, which in turn could explain the reduced frequency of sway. 39 It is still unclear if decreased sway is an indicator of better balance performance and coping ability under dual-task conditions. Some argue that such interpretations are too simplistic, as changes in sway may be a result of many other factors. 39 Interestingly, in the present study, the greatest dual-task effect (a 38% reduction in ML sway) was observed during the simplest balance task (of preferred stance) and least during the most demanding balance task (with eyes closed), although the difference did not achieve statistical significance. This could be due to greater distractibility during simple balance tasks. 40 Simple balance dual tasks may present the system with a lower cognitive load, which may result in a shift of focus away from balance, 37, 39 leading to a decrease in sway without causing any significant resource competition. In contrast, the more complex balance tasks may be perceived as a possible threat to safety. Reduced sway under dual-task balance conditions has been reported in studies where the dual-task condition was perceived as taxing or threatening to balance performance. 6, 24, 38, 41, 42 The observation that sway increased when frail elderly and disabled people attempt to perform many tasks simultaneously [6] [7] [8] 24, [43] [44] [45] has been interpreted as an inability to prioritize balance and as an indicator of instability. 27, 28, 31 In the present study, repeat fallers swayed more when compared with nonrepeat fallers both under single-task and dual-task conditions. The interaction between dual task and repeat falling approached significance in the AP direction but this finding is difficult to interpret. On the one hand, this finding may suggest a trend toward greater dual-task effects among those who have a history of repeated falls. On the other hand, the possible increased dualtask effect (decrease in sway) meant that under the dual-task condition repeat fallers' sway was not dissimilar to non-repeat fallers' sway under single-task conditions. However, it has to be considered that the experimental setup in the laboratory simply did not replicate an everyday life environment and that a more naturalistic approach could yield different results.
Findings from the present study add to the body of knowledge supporting the theory that balance performance is influenced by simultaneous performance of a cognitive task. The decrease in sway under dual-task conditions and with ongoing recovery poststroke is interesting. Whereas stroke repeat fallers generally swayed more than non-repeat fallers, the dual-task effect was not statistically significant between these groups. This suggests that both groups responded in similar ways and that standing sway under dual-task conditions will not distinguish repeat fallers from non-repeat fallers. Although specific measurement of dual-task dynamic balance might have a place in classifying fallers among the general population, 46 current evidence does not support its usefulness for people with stroke particularly as simpler assessments of postural instability, careful questioning about fall-related activities, and tests such as the stops walking when talking test are available. 1, 16, 35 The importance of the multifactorial assessment of postural stability and falls is not diminished. Reduced capacity for dual-task performance may affect negatively on functional recovery and independence, which in turn limits participation and adversely affects quality of life. Using these simple measures, clinicians can identify problems with dual-task performance and possible instability during dual-task balance activities; important information that can inform task-specific balance retraining and fall prevention programs such as advising people with stroke to focus on one task at a time and to avoid carrying objects or engaging in a conversation while at the same time trying to move around safely. Future research should continue to investigate multifactorial treatments of balance problems in particular by exploring dual-task balance training. Recent work by Silsupadol et al 47 has shown that dual-task balance training is feasible and acceptable for older participants and that task-specific balance training under dual-task conditions can produce dual-task training effects. Determining the strategies and optimal time points for including dual-task balance training for people with stroke will be the focus of future research.
